Purpose Granulosa cell (GC) number in follicles is a simple characteristic of follicles. The present study examined the hypothesis that follicular fluid (FF) determines GC number and oocyte developmental ability and revealed the molecular background determining the number of follicular GCs. Methods FF was collected from antral follicles (3-5 mm in diameter), after which the number of GCs per follicle was determined for each donor gilt using real time PCR targeting single copy gene. GCs were analyzed by next-generation RNA sequencing and IPA pathway analysis.
Introduction
Follicular development is closely associated with the proliferation of granulosa cells (GCs). GCs provide crucial metabolites and energy to the developing oocytes through gap junctional communication, thereby helping the oocyte to develop [1] . It is well-known that the number of GCs varies between follicles, as well as between donors. However, studies using slaughter house-derived ovaries often used mixed cumulus cell-oocyte-complexes (COCs) derived from tens of donors, and accordingly the significance of the number of GCs in follicles, as well as the molecular background underlying the number of the GCs, have been largely ignored. During follicle growth, oocytes accumulate mRNA, proteins, and lipids and undergo changes in chromatin configuration with high levels of acetylated histones. The high ATP content, lipid content, and histone acetylation reflect a high developmental competence [2] [3] [4] [5] [6] [7] [8] . Recently, it has been reported that the number of GCs surrounding the oocytes is closely related to oocyte energy status, as measured by ATP content, lipid content, and the extent of histone acetylation. [9] . This correlation was confirmed by other studies: when oocyte-GC-complexes (OGCs) collected from early antral follicles (EAFs) from pigs and cows were cultured in vitro for 2 weeks, the number of GCs surrounding the oocytes was closely correlated with the developmental ability of the oocytes, ATP content, lipid Manami Ueda made equal contributions as first author.
content, and histone acetylation levels of lysine [10, 11] . The notion that an increase in GC number surrounding oocytes improves the developmental ability of oocytes has been demonstrated in in bovine EAFs [10] . These data suggest that GC number is an indication of successful follicle development, as well as of oocyte quality. One question that remains is what determines the GC number in follicles?
Follicular fluid (FF) is the sole environment surrounding the oocytes and GCs, and it has been reported to profoundly affect oocyte maturation and fertilization [12] . FF components are derived from GC secretion and circulation. Maternal physical conditions including aging and poor energy balance have been reported to negatively affect the component of FF, which adversely affects oocyte developmental ability [13, 14] . Furthermore, if follicular components become affected by low GC activities, they could further affect GCs and oocyte developmental ability, creating vicious cycle. However, FF contains a myriad of factors, and a clear elucidation of the molecular background associated with proper follicle development still remains unclear.
In the present study, we tested the hypothesis that the ability of FF to support oocyte maturation and subsequent embryo development, as well as GC proliferation, is closely linked to the number of GCs associated with the FF. We also sought to shed some light on the mechanism which determines the differential number of GCs in follicles using next-generation sequencing (NGS). The data presented here provide an understanding of the properties and qualities of FF.
Materials and methods

Chemicals and media
All chemicals were purchased from Nacalai Tesque (Kyoto, Japan) unless otherwise indicated. The medium used for in vitro maturation (IVM) was porcine oocyte medium (POM) [15] supplemented with 3-mg/mL polyvinyl alcohol, 0.5-mM L-cysteine, 10-ng/mL epidermal growth factor (SigmaAldrich), 10-IU/mL equine chorionic gonadotropin (Aska Pharma Co. Ltd., Tokyo, Japan), and 10-IU/mL human chorionic gonadotropin (Fuji Pharma Co. Ltd., Tokyo, Japan). The medium used for in vitro culture (IVC) was PZM-3 [16] .
Ovary collection
Ovaries were collected from individual gilts from a local slaughterhouse (Kanagawa Meat Center, Kanagawa, Japan), placed in phosphate-buffered saline (PBS) containing 10-IU/mL penicillin G potassium and 0.1-mg/mL streptomycin sulfate, and transported to the laboratory within 1 h. During transport, the temperature of the ovaries was maintained at 37°C. The ovaries were discarded after intended use. This study was approved by the Ethical Committee for Animal Experimentation of Tokyo University of Agriculture.
Oocytes and follicular fluid collection
Ovaries containing middle-sized (3-5 mm in diameter) antral follicles (AFs) were selected, and the follicle contents were carefully aspirated from 20 AFs (3-5 mm in diameter) in ovaries from each gilt using a needle (21G) connected to a syringe. Follicles that had abnormal features (follicles with red or white coloring) were not aspirated. Therefore, there were no morphological and size differences among the follicles used in this study. Additionally, follicle aspiration was conducted by the same operator. COCs were collected under a stereomicroscope, and the remaining follicular contents were centrifuged (1000 ×g for 1 min) to separate the GCs from the FF. The FFs from individual gilts were further centrifuged (7000 ×g for 10 min) and stored at − 20°C until use. GC pellets following centrifugation were used to determine the average GC number per follicle for each gilt as described below.
Measurement of average GC number per follicle using real time PCR DNA was extracted from the GC pellets (as described above) using 1 mL of extraction buffer (Tris-HCl, 20 mM; Nonidet-40, 0.9%, Tween 20, 0.9%; and proteinase K, 0.4 mg/mL) by heating at 55°C for 30 min followed by 98°C for 5 min. PCR was performed using a Rotor-Gene 6500 real-time rotary analyzer (Qiagen GmbH, Hilden, Germany) with primers targeting the single-copy gene (GCG glucagon, NC_010457) and Ssofast-TM EvaGreen Supermix (BioRad, Hercules CA, USA). Primers used for PCR were 5′-agcagaatcaacaccatcggt-3′ and 5′-tggctccacccatagaatgc-3′ (154 bp), which were designed using Primer3Plus (http:// sourceforge.net/projects/primer3/) and the NCBI database. PCR was performed with an initial denaturation at 95°C for 1 min, followed by 40 cycles at 98°C for 5 s and 60°C for 10 s. A standard curve was generated for each run using tenfold serial dilutions representing the copy number of the external standard. The external standard was the PCR product of the corresponding gene cloned into a vector using a Zero Blunt TOPO PCR cloning kit (In vitrogen, Carlsbad, CA, USA), and the PCR product was sequenced before use. Amplification efficiencies of all trials were > 1.98. Using the copy number of the single copy gene and the number of follicles aspirated (20) , we calculated the total GCs per follicle (relative total GCs) for each gilt using the following formula: GC number per follicle = (copy number of single copy gene / 2) / 20.
Preparation of GC-rich and -poor FFs
Follicular contents were aspirated from 20 randomly selected AFs from the ovaries of 25 individual gilts, and the GC numbers from each gilt were determined as described above. Based on the GC number, gilts with the five highest and five lowest average GC counts per follicle were selected, together with the corresponding FF samples. These five GC-rich and five GC-poor FF samples were mixed in equal amounts to create two batches, namely a of GC rich-FF (GC-rich FF) and a GC-poor FF (GC-poor FF), respectively. Five batches were prepared from different ovary series (total 125 gilts: 25 gilts × 5). In addition, the average GC number for GC-rich and GC-poor FF was 816,254 ± 27,458 and 357,302 ± 43,707, respectively.
IVM, activation, and in vitro culture
During the 44-h maturation period, COCs were cultured in POM. IVM medium was supplemented with either 10% FF. After IVM, 25 oocytes were randomly selected, and the rate of maturation was examined (metaphase II). To determine the ability of oocytes to develop to the blastocyst stage, after culturing in IVM, oocytes were activated with single electrical pulse of 60 V for 0.1 ms using a NEPA21 (Nepa Gene Co., Ltd., Chiba, Japan) followed by culture in IVC medium containing 10-μg/mL cytochalasin B and cycloheximide for 6 h. After activation, the embryos were cultured for 7 days in IVC medium, and the rate of blastulation and the total blastocyst cell numbers were determined. Oocytes and embryos were fixed in 4% paraformaldehyde, mounted onto glass slides using an anti-fade reagent containing DAPI (ProLong Gold anti-fade reagent with DAPI; Invitrogen, Carlsbad, OR, USA), and observed using a fluorescence digital microscope (BZ-8000; Keyence, Tokyo, Japan). IVM was performed at 38.5°C in an atmosphere containing 5% CO 2 and 95% air, whereas in vitro embryo culture was performed at 38.5°C in an atmosphere containing 5% O 2 , 5% CO 2 , and 90% N 2 .
Measurement of the ability of FFs from individual donors to support oocyte maturation and subsequent development
FFs from individual donor gilts were added to the IVM medium at a final concentration 10%. COCs were collected from at least 50 gilts and pooled. Forty randomly selected COCs were matured, followed by activation and IVC as described above. This experiment was repeated four times (40 COCs × 4), and the average developmental rate to the blastocyst stage (day 7) was determined for each FF.
GC proliferation assay
The GC suspension was transferred to 199 medium (Gibco, Waltham, MA, USA) containing 5% FCS, and the cells were incubated in a 96-well plate (100 μL/well; Falcon, New Jersey, USA) for 24 h at 38.5°C with maximum humidity in an atmosphere of 5% CO 2 in air. Following this, the culture medium was replaced with 199 medium containing 10% FF, and cell proliferative activity was assessed using a cell proliferation ELISA BrdU assay kit (Roche, Mannheim, Germany), according to the manufacturer's protocol. The average of duplicate measurements was determined for each FF.
Measurement of cumulus cells surrounding the oocyte
After maturation, the COCs were vortexed to separate the oocytes and cumulus cells, and the cumulus cell suspension was centrifuged and resuspended in PBS. Total cell number was determined from the volume of the cell suspension and the cell concentration determined using a hemocytometer, and this number was then divided by the oocyte number.
Transcriptome analysis
Top five GC-rich and GC-poor donors were selected from 25 gilts, and corresponding GCs were subjected to NGS. Total RNA was extracted from each of the ten GC pellets using an RNAqueous kit (Life Technologies, Carlsbad, CA, USA). RNA quality was confirmed using a 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA, USA), and cDNA libraries were prepared using a TruSeq RNA Sample Preparation Kit (Illumina, San Diego, CA, USA). Library quality and quantity were determined using an Agilent 2100 Bioanalyzer and KAPA Library Quantification Kit (KAPA Biosystems, Wilmington, MA, USA), respectively. Clusters were generated on a cBot (Illumina), and one lane of the multiplexed samples was sequenced as 100-bp reads (single read) on a HiSeq 2500 (Illumina). Image analysis, base calling, and quality filtering were performed using bcl2fastq2 (Illumina) following the manufacturer's instructions. Sequence data were filtered to discard the adapter sequence, ambiguous nucleotides, and low-quality sequences. The remaining sequence data were aligned to the Swine genome sequence (susScr3) to count sequence reads. Using mapped sequence data, the expression values for each gene and statistical analysis of the differentially expressed genes were determined. Filtering, mapping, and subsequent analysis were performed using a CLC Genomics Workbench (Qiagen, Redwood City, CA, USA). Statistical significance was determined by the empirical analysis of the differential gene expression tool [17] . Differentially expressed genes (foldchange ≧ 2.0 and FDR adjusted P < 0.05 and q < 0.2; [18] ) were used for further analyses. To predict upstream transcriptional regulators, genes that were significantly differentially were interpreted using the upstream regulator function of ingenuity pathway analysis (IPA, Qiagen). This determined how many known targets of each transcriptional regulator were present in the differentially expressed gene list, and calculated overlapping P values were used to measure statistically significant overlap. Fisher's exact test was used in the analysis of gene set enrichment in each functional category, and significance was generally attributed to a P value less than 0.01. The gene expression analysis data have been registered (DRA006323).
Statistical analysis
All data were analyzed using an ANOVA followed by a post hoc Tukey's test. Percentages were arcsine transformed before analysis. Correlation between the two groups was calculated, and values less than 0.05 were considered significantly different.
Results
The average number of GCs in follicles differs among gilts but are consistent within a gilt First, we addressed the consistency of GC number within a donor gilt. The number of antral follicles (3-5 mm in diameter) in the ovaries of individual donors ranged from 22 to 48 (average 34.9 ± 1.1, N = 42, preliminary experiment). Twelve AFs were aspirated from each gilt ovary to obtain GCs. The aspiration was repeated to obtain two sets of GCs from each gilt (Fig. 1a) . There was a significant correlation between the two GC numbers (17 gilts, r = 0.59, P < 0.05, Fig. 1b) , which means that the GC number obtained from at least 12 AFs reflects the characteristics of the donors. Based on this result, we measured the average GC number using 20 AFs. In addition, when the average GCs from 265 gilts were examined, they ranged from 134,616 to 1,251,068 indicating that there were gilts whose follicles were GC-rich and those whose follicles were GC-poor (Fig. 1c) . It is worth noting that the number of GCs counted does not include all GCs in follicles, because small GCs can escape aspiration.
The GC number is related to the ability of FFs to support oocyte development and GC proliferation Next, the average GC numbers of FF origin were compared with developmental rate (day 7) to the blastocyst stage when the corresponding FFs were added to the maturation medium. Figure 2a shows that there is a significant correlation between these two parameters (10gilts, r = 0.7, P < 0.05), which suggests that the higher the GC number in the follicles, the better the corresponding FF supports subsequent oocyte development. When these FFs were added to a GC culture medium, we also observed a significant correlation between the average GC number in the FF origin and the proliferative activity of the GCs (Fig. 2b , ten gilts, r = 0.7, P < 0.05). Next, we further addressed the hypothesis that there was relationship between GC number in the gilts and ability of FFs to support oocyte development. In addition, supplementation with GC-rich FF (10%) resulted in a significantly higher number of oocytes that developed to the blastocyst stage than supplementation with either GC-poor FF, or no supplementation (control oocytes 7.0%, GC-poor 9.0%, and GC-rich 15.3%, Table 1 ), whereas the maturation rate of oocytes did not differ among groups. In addition, the number of cumulus cells surrounding the oocytes and their survival rates were significantly greater in COCs cultured with FF irrespective of the GC number compared to cultures without FF (Table 1) ; a paired Student's t test showed that there was significant difference between the GC-rich and GC-poor groups (GC-rich 2312, vs. GC-poor, 2043, P = 0.031).
GC number relates to the developmental ability of enclosed oocytes
We examine the relationship between the number of GCs and the developmental ability of enclosed oocytes. All middlesized follicles were aspirated from each donor, and the average GC number was determined for each donor using the same formula described above. All OGCs (25-40 for each gilt) were subjected to IVM, activation, and IVC to determine the developmental rate to the blastocyst for each gilt. The rate of blastulation was significantly related to the average GC number of the corresponding gilts (Fig. 3, N .41, r = 0.51, P < 0.001).
Gene expression analysis reveals that GC-rich conditions are associated with several activation upstream regulators
The molecular mechanisms that underlie the GC number in follicles were investigated using NGS technology. NGS compared the expression levels of 22,862 genes, and 2075 of these genes were significantly differentially expressed between GCrich and GC-poor groups. Using these differentially expressed genes, an IPA analysis revealed the activation and inhibition of upstream regulators. Tables 2 and 3 show the top 21 activated and the top 10 inhibited upstream regulators. Activated regulators included GATA4, forskolin, RAF1, INHBA, IGF1R, EGF, and estradiol and inhibited regulators included PD98059 and cycloheximide. Furthermore, the IPA analysis showed that the disease and biological functions associated with the differentially expressed genes were related to the reproductive system and development and function, particularly to folliculogenesis and the quantity of germ cells (Table 4) .
Discussion
The results from the present study showed that GCs are a simple and useful marker of follicle status and oocyte quality, that FF was a decisive factor for determining GC number in follicles and the subsequent developmental ability of oocytes, and that it uncovers the molecular mechanism that underlies differential GC numbers in follicle.
The present study found a consistency in the number of GCs (relative total GC number) within the ovaries, such that the average GC number determined by only 12 AFs was very similar with that determined by another group of 12 AFs in the same ovaries. This result suggests that the number of GCs in follicles is a characteristic of the donors, although differences were observed among individual follicles and ovaries. The number of GC may therefore reflect the physiological condition of the ovaries and/or the donors.
It has been reported in both pigs and humans that supplementation of maturation medium with FF improves oocyte maturation, fertilization, and subsequent embryo development [19, 20] . The present study also shows the beneficial effect of FFs on Fig. 1 Examination of the consistency of granulosa cell (GC) number per follicle in a donor. a 12 randomly selected AFs were aspirated (solid arrow) from each gilt ovary to obtain GC. The aspiration was repeated to obtain two sets of GCs from each gilt. Seventeen gilts were used for this comparison. The GC number per follicle was determined using real-time PCR. b There was a significant correlation between the GC number of the two sets (R = 0.59, P < 0.05). Based on this result, we measured the GC number for each gilt using 20 AFs (dotted arrow in a). c Average granulosa cell number in the follicles of donors. Granulosa cells were collected from 20 AFs from each gilt. Two hundred sixty-five gilts were examined. X axis represents GC number and Y axis represents the number of donors cumulus cell proliferation and survival rate. Furthermore, the study also showed that the origin of the FF profoundly affects oocyte developmental competence and GC proliferation. This is the first report to identify a close correlation between the number of GCs in a follicle, and the ability of the corresponding FF to support the acquisition of oocyte developmental ability and GC proliferation. FF is the sole environment to which GCs and oocytes are exposed, and the data indicate that the characteristics of the FF determine follicular development and oocytes quality. This hypothesis was confirmed in another experiment using FF categorized based on the number of GCs it was derived from, namely GC-rich FF and GC-poor FF. Supplementation of maturation medium with GC-rich FF improved the developmental ability of oocytes, as well as increasing the cumulus cell number surrounding the oocytes. Moreover, the present study showed that high GC number in follicles associated with high developmental ability of enclosed oocytes (Fig. 3) . These results led us to conclude that the GC number is a maker of high quality follicles, and that FF contains factors that are decisive for GC proliferation and oocyte developmental competence, even though the FFs were aspirated from the same-sized follicles.
These data indicate that although follicles were similar in size and morphology, in pigs, the ability of follicles had already been determined, and the quality of the oocytes had already deteriorated in the FF. However, providing these oocytes with appropriate IVM conditions, their developmental ability can be improved compared to those matured under their intrinsic follicular conditions.
FF contains a myriad of factors with complex interactions; therefore, although an investigation of the effect of individual factors on follicular development and oocyte quality is important, it will be laborious works and possibly hard to integrate due to differential experimental conditions. The intent of the present study was to grasp an overview of the molecular background underlying good (GC-rich) and bad (GC-poor) follicles using RNA-seq. As a result, we identified thousands of genes that were differentially expressed between the two follicular conditions. We first noted the fact that genes associated with glycolysis were highly expressed in GCs from GC-rich follicles compared to those from GC-poor follicles (Fig. 4) . This finding is interesting because the upregulation of glycolysis in GCs is a predominant event that occurs during porcine follicular development [21] . With respect to the expression of individual genes, we used an IPA analysis to understand the interactions between these differentially expressed genes. The top bio-functions of these differentially expressed genes were associated with the quantity of germ cells, folliculogenesis, and ovary development ( Table 4 ), indicating that the present comparison between GC-rich and -poor follicles reflects good follicle and oocyte development. The upstream regulators identified include some key genes that have previously been reported to be linked to follicular status and development. Forskolin is a well-known activator of cAMP and hence of PKA; PKA is downstream of both IGF1 and FSH, which are also key regulators of steroidogenesis (Kegg pathway; http:// www.kegg.jp/kegg-bin/show_pathway?hsa04913+1588). In our IPA analysis, the IGF1R was listed as being, a significant upstream regulator, having a z score of 1.94 (Table 2) . Furthermore, inhibin is a well-known response factor to FSH, and the NGS analysis revealed that the expression levels of INHA and INHBA were significantly higher in GCrich groups than in GC-poor counterparts (2.0-and 1.9-fold difference, P < 0.001 and P < 0.008, respectively). In addition, Fig. 3 Relationship between the number of granulosa cells (GCs) in follicles and the developmental rate (at day 7) to the blastocyst stage (%) of oocytes among donors. Oocytes were collected from all middle size follicles (3-5 mm in diameter) from each donor, and all oocytes (25-40 for each donor) were used to determine the developmental rate to the blastocyst stages. The GC number per follicle was determined using the following formula: GC number per follicle = (copy number of single copy gene / 2) / number of follicles aspirated. GC number and developmental rate to the blastocyst stage were compared among 41 donors INHBA was also found to be an activation upstream regulator in GC-rich groups (Table 2 ). GATA4 is a cAMP/PKA effector in gonadal cells [22] ; Monga et al. [23] have elegantly shown that phosphorylated GATA4 binds to the promotor of CYP19A1 and that siRNA-mediated downregulation of GATA4 leads to a reduction in CYP19A1 expression levels and estradiol secretion in buffalo ovaries. Our NGS analysis showed that CYP19A1 expression levels were significantly higher in GC-rich compared to GC-poor follicles (2.5-fold, P < 0.01). Estradiol is an important stimulator of the Fig. 4 Gene expression profiles of glycolysis associated genes (log 2 fold change). The pathway was retrieved from ssc00010 (http://www.genome. jp/kegg-bin/show_pathway?org_name=ssc&mapno=00010&mapscale= &show_description=show). Genes associated with glycolysis were highly expressed in granulosa cell in GC-rich follicles development of porcine and bovine oocyte GCs in vitro [24, 25] . Taken together, in response to IGF and/or FSH activation of cAMP-PKA and GATA4-estradiol appears to be the predominant condition that is important for proper follicle development (Fig. 4) . EGF has been reported to be a key factor in oocyte development, and the acquisition of EGF responsiveness by cumulus cells is a fundamental event in oocyte developmental competence [26] . Our IPA analysis showed that both EGF and EGFR are significant upstream regulators having positive z scores (1.85 and 1.31, respectively). Furthermore, RAF1 and MAPK1 were found to be significantly activated regulators in GC-rich groups ( Table 2 ). The EGF-RAF1-MAPK1 pathway is well-known to be part of the signal transduction cascade that leads to cellular proliferation. This notion is supported by a fact that PD98059, an inhibitor of MEK, was identified as a significant inhibitory regulator (Table 3) . Furthermore, the high proliferation in the GC-rich group mirrors a need for high protein synthesis, which is indicated by the identification of cycloheximide as an inhibitory upstream regulator. From these data, the response to EGF followed by activation of the RAF1-MAPK1 signaling profoundly affects follicle fate and developmental ability of oocytes (Fig. 5 ).
Other factors that have previously been reported to be involved in follicle development are FGF2 and ITGB1, which are predicted to be activated upstream regulators (Table 2) . FGF2 is a master inhibitor of follicular atresia and improves EAF development in sheep [27] . ITGB1 (integrin beta 1) expression levels in GCs have been shown to be changed in follicular development, increasing from early antral to large antral follicles [21] .
In conclusion, we have found that GC number is a useful marker of follicular development and the characteristics of FFs are closely associated with GC number in follicles and oocyte developmental ability. We have identified several pathways that appear to be involved in the underlying molecular mechanism behind the GC rich condition, as well as the high developmental ability of oocytes.
